This study aimed to assess the effect of percutaneous transthoracic lung biopsy on the oxidative metabolism of sheep by measuring the oxidative stress markers of superoxide dismutase (SOD), total glutathione (GSH-t), peroxidase (GSH-Px) and thiobarbituric acid reactive substances (TBARS) in the red cells of these animals. Blood samples were collected from 20 clinically healthy sheep prior to, and 30 min after, percutaneous transthoracic lung biopsy. After biopsy, there was a significant decrease (p < 0.05) in SOD and GSH-Px activity, with no significant change (p ≥ 0.05) in GSH-t and TBARS concentrations. These results showed that percutaneous transthoracic lung biopsy did not significantly affect the oxidative metabolism of sheep 30 min after the procedure, which may be used widely in this species without causing serious tissue damage.
Introduction
Respiratory diseases represent a serious threat to sheep production, accounting for high morbidity and mortality rates. 1, 2 The precise diagnosis of several respiratory diseases requires methods complementary to physical examination for the establishment of adequate prophylactic strategies. 3 Lung biopsy is an invasive procedure for diagnostic elucidation and consists of removing a small sample of lung tissue for gross and microscopic examination. It includes laboratory sample processing and slide preparation followed by microscopic analysis and description. 4 The tissue sample may also be submitted for microorganism culture and antibiotic sensitivity testing. 5 Over the past decades, numerous studies have aimed at investigating the role of reactive oxygen species (ROS) in animal respiratory tract diseases. 6, 7, 8, 9 Lung biopsy tissue samples have been used successfully to assess ROS-induced lung parenchymal damage in humans, 10 ,11 mice 11, 12 and sheep 13, 14 . However, the question of whether lung biopsy might contribute to oxidative imbalance by allowing the formation of a large number of ROS remains unaddressed. In vivo ROS are formed by the catalytic action of enzymes during the transport of electrons during normal metabolism, which could be via the electron chain transport in the mitochondria or during inflammatory states. 15 When inflammation occurs, phagocytic cells release a large amount of ROS during the respiratory burst. These liberated ROS are probably the primary cause of inflammation-induced tissue damage. In addition, ROS act as inflammatory mediators exacerbating inflammatory response. 16, 17 The most important reactive oxygen metabolites are the superoxide radical (O 2 ‫•-‬ ), hydrogen peroxide (H 2 O 2 ) and the hydroxil radical (OH • ). 18 Most ROS are extremely reactive, highly toxic and capable of reacting with several organic molecules, 15 but the balance between ROS generation and elimination is maintained by a complex antioxidant defence mechanism, which comprises enzymes such as superoxide dismutase (SOD), catalase (CAT) and the glutathione cycle enzymes. 19 Nonetheless, ROS levels may rise as a result of increased intracellular ROS production or antioxidant defence mechanism deficiencies. An imbalance between oxidant and antioxidant molecules is called oxidative stress. 20, 21 Oxidative stress may induce lipid peroxidation and the severe tissue lesions which result in damaged cell organelles, nucleic acids, lipids and proteins. 21 Given that lung biopsy is an invasive diagnostic method, it is likely to cause an acute inflammatory response increasing ROS production by phagocytic cells. Taking into account the high rate of respiratory diseases in the ovine species, and the evidence showing that ROS play a leading role in the development of respiratory disorders, 6, 7, 8, 9 it is important to determine whether the use of an invasive semiologic method such as lung biopsy interferes with oxidative metabolism and thus aggravates the inflammatory process inherent to the disease. Therefore, the aim of this study was to measure oxidative stress biomarkers in clinically healthy sheep undergoing percutaneous transthoracic lung biopsy.
Materials and methods

Animals
This study included 20 (9 male and 11 female) clinically healthy Santa Inês sheep aged between 150 and 190 days (mean = 175 days) and weighing 23 kg -44 kg (mean = 32 kg), which were raised for slaughter in commercial abattoirs. Routine clinical examination was performed immediately before lung biopsy to ensure that all animals were clinically healthy prior to testing.
Lung biopsy
Lung biopsy was performed at the abattoir prior to slaughter and with the animals in a standing position and restrained by an assistant. The seventh right lateral intercostal space, approximately 5 cm above the olecranon, was chosen as the puncture site as it corresponds to the topographic position of the diaphragmatic lobe of the right lung. The biopsy site was clipped, disinfected with 1% iodine-povidine (Iodopovidona Tópico; Rioquímica, São José do Rio Preto, Brazil) and anaesthetised with 5 mL of 2% lidocaine (Lidovet; Bravet, Mogi Mirim, Brazil). A few minutes later, a 1 cm incision was made with a scalpel blade into the skin and subcutaneous tissue through the intercostal space. A semi-automatic biopsy needle (Soft tissue cannula BD 16 G × 15 cm; Euromed Cateteres, Lagoa Santa, Brazil) was introduced immediately cranial to the rib at right angles to the body surface, avoiding intercostal nerves and vessels. One lung tissue sample per animal was collected, according to the techniques described by Finn-Bodner and Hathcock 22 and Braun et al. 23 After lung biopsies were completed, all animals were slaughtered for commercial purposes.
Blood sample collection and processing
In order to minimise the effects of stress caused by restraining the animals, blood samples were collected immediately after this procedure. Jugular venous blood samples (5 mL) were collected from each animal in heparin-containing vacutainer tubes. Similarly, other blood samples were drawn from all animals 30 min after clinical examination and lung biopsy. The samples were stored at 10 ºC on scale ice in isothermal containers and sent to the Gynaecology and Obstetrics Experimental Research Laboratory of Botucatu Medical School at the São Paulo State University in Brazil, for the assessment of SOD, total glutathione (GSH-t), glutathione peroxidase (GSH-Px) and thiobarbirutic acid reactive substances (TBARS).
Blood samples were centrifuged (Centrifuge 5804E; Eppendorf, Hamburg, Germany) at 185 g for 10 min at room temperature. Red cells were obtained after washing in phosphate-buffered saline (Solução tampão salina-fosfato; Ceaquim, Botucatu, Brazil) at 4 ºC and centrifuged three times at 1575 g for 15 min. Upon each repetition, plasma, white cells and platelets were removed by micropipette aspiration. The washed red cells (50 mL) were haemolysed in 1900 mL deionised water and shaken by inverse stirring to obtain the haemolysate that was used for the assessment of oxidative stress biomarkers (SOD enzymatic activity, as well as red cell and TBARS concentrations). To determine the enzymatic activity of GSH-Px and GSH-t concentration, the washed red cells (50 mL) were haemolysed in 950 mL stabilising solution (2.7 mM ethylenediaminetetraacetic acid [EDTA] and 0.7 mM 2-mercaptoethanol) (Solução tampão salina-fosfato; Ceaquim, Botucatu, Brazil) 24 and shaken by inverse stirring to obtain the haemolysate. All the haemolysate samples were frozen and stored at -80 ºC until analysis six months after collection. 24 
Biochemical analysis
The SOD, GSH-t, GSH-Px and TBARS activities were determined in triplicate by spectrophotometric colorimetry, according to the modified technique described by Souza et al. 24 Haemoglobin was assessed by using 20 mL haemolysate diluted and shaken in 2 mL Drabkin solution (Ceaquim, Botucatu, Brazil). After a 10 min rest, absorbance was measured at 546 nm with a spectrophotometer (SP 220; Bioespectro, São Paulo, Brazil) and expressed in g/dL. 24 Lipid peroxides were estimated in washed red cells using thiobarbituric acid (TBA) (SIGMA, St. Louis, USA). Briefly, 1 mL of washed red cells were added to the test tube containing 1 mL of 3% sulphosalicylic acid (5-sulfosalicylic acid hydrate 95%; SIGMA, St. Louis, USA), agitated for 10 s, centrifuged at 11 000 rpm for 3 min and kept in rest for 15 min. The sample was diluted to 500 mL of 0.67% TBA solution. The mixture was heated to 80 ºC for 30 min and absorbance was measured at a 535 nm wavelength. The results were expressed as nM of thiobarbituric acid reactive species (TBARS) per gram of haemoglobin (nM/g Hb). 24 The SOD activity was determined from its ability to inhibit the pyrogallol auto-oxidation. The reaction mixture (1 mL) consisted of 5 mM Tris (hydroxymethyl) aminomethane (pH 8), 1 mM EDTA, bidistilled water and 20 mL of the sample. The reaction was initiated by the addition of pyrogallol (final concentration of 0.2 mM) (Pyrogallic acid; Shynth, Dracena, Brazil) and absorbance was measured with a spectrophotometer at 420 nm (25 ºC) for 5 min. Enzymatic activity units were defined as SOD units able to produce 50% of pyrogallol oxidation inhibition. All data were expressed in units of SOD per milligram of haemoglobin (UI/mg Hb). 24 The GSH-t, which consists of reduced and oxidised glutathiones, was enzymatically determined using 5,5'-dithio-bis (2-nitrobenzoic acid) (DTNB) and glutathione reductase (GSH-Rd) in the presence of a reduced form of nicotinamide adenine dinucleotide phosphate (NADPH), forming 2-nitro-5-thiobenzoic acid. A mixture consisting of 1290 mL of distilled water, 200 mL of Tris-HCl buffer (1 M, pH 8, 5 mM EDTA), 200 mL of 10 UI/mL GSH-Rd (SIGMA, St. Louis, USA), 200 mL of 2 mM NADPH (SIGMA, St. Louis, USA) and 100 mL of 12 mM DTNB (SIGMA, St. Louis, USA) was added to 10 mL of the sample. Activity was measured at 412 nm on a spectrophotometer. One unit of activity was equal to the micromolar of substrate reduced per gram of haemoglobin (µM/g Hb). 24 To obtain the standard curve for the total glutathione quantification, the same test was carried out replacing the haemolysate sample by 10 μL of buffer solution 1:1000 oxidised glutathione (GSSG) at a concentration of 0.03 μM. The absorbance was determined in a spectrophotometer at 412 nm. The concentration of GSH-t was expressed in micromolar substrate reduced per gram of haemoglobin (mM/Hb).
Finally, the GSH-Px was assessed by monitoring NADPH oxidation. The mixture consisted of the addition of 1.3 mL of distilled water, 200.0 mL of Tris-HCl buffer (EDTA 1M, pH 8, 5 mM), 200.0 mL of 10 UI/mL GSH-Rd, 200.0 mL of NADPH (2 mM), 40.0 mL of GSH (0.1 M) (L-glutathione oxidised; SIGMA, St. Louis, USA), to 40 mL of haemolysate. The mixture was agitated in a vortex mixer (Vortex AP-56; Phoenix, Araraquara, Brazil) for 10 s. Next, 20.0 mL of T-Butyl hydroperoxide (7 mM) (SIGMA, St. Louis, USA) was added and the solution was maintained at 37 ºC for 10 min. Absorbance was determined with a spectrophotometer at a wavelength of 340 nm. The GSH-Px activity was expressed in enzymatic activity units per gram of haemoglobin (UI/g Hb).
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Statistical analysis
Data were analysed using the PASW v.17.0.2 software program (SPSS Inc., Chicago, USA). The analysis of SOD and GSH-Px enzymatic activities, as well as GSH-t and TBARS concentrations in sheep red cells, prior to and 30 min after lung biopsy, was performed using Wilcoxon's nonparametric test. The significance level was set at 5%. 
Ethical considerations
Results
The SOD, GSH-t, GSH-Px and TBARS values found in sheep red cell haemolysates obtained prior to and 30 min after lung biopsy are shown in Table 1 . Thirty minutes after biopsy, there was a statistically significant reduction in the activities of SOD (p = 0.006) and GSH-Px (p = 0.001) in the red cells of the animals that underwent the procedure. No significant difference was observed in the red cell concentrations of GSH-t and TBARS after lung biopsy.
Discussion
Oxidative stress occurs when there is a disturbance in the equilibrium between ROS production and the presence of antioxidant agents. 20, 21 SOD is the first line of defence against oxidative stress and is active in catalysing O 2 ‫•-‬ dismutation to H 2 O 2 and oxygen. In this study, biopsy-induced O 2 ‫•-‬ release caused a reduction in SOD values 30 min after the procedure. Thus, as the neutralisation of the deleterious effects of this radical was attempted, SOD activity was affected. H 2 O 2 production is neutralised by the action of CAT and/or by a cascade of glutathione-mediated reactions, known as the glutathione reduction cycle. In this cycle, GSH-Px uses glutathione as an electron donor substrate and reduces H 2 O 2 , thus forming GSSG. After being oxidised, GSSG is recycled to GSH by GSH-Rd. The cycle of glutathione reduction is also the primary mechanism for the removal of lipoperoxides produced by lipid peroxidation. 25, 26 In this study, GSH-Px activity was affected by the variation in H 2 O 2 induced by SOD, indicating that the cycle of glutathione reduction was activated. However, despite the decreased GSH-Px activity, GSH-t remained unchanged after biopsy, demonstrating that biopsy-induced oxidative stress was suppressed by glutathione action. Because glutathione is most abundant in mammalian red cells in its reduced form and GSH was most probably consumed because of its antioxidant properties, the fact that GSH red cell concentrations remained high contributed to the maintenance of GSH-t levels even after lung biopsy. In addition, GSH-t values might have remained high as a result of a compensatory increase in GSH production by other organs, such as the liver, to help the organism fight against a rise in ROS production. 27 Malondialdehyde (MDA) is a marker for lipid peroxidation used to measure TBARS. TBARS blood levels are associated with increased lipid peroxidation and oxidative damage. 28 This study revealed that percutaneous transthoracic lung biopsy did not induce lipid peroxidation, as confirmed by the fact that no changes in red cell TBARS levels were detected 30 min after biopsy. Commonly, the body's ability to defend itself against the action of ROS is assessed by measuring the activities of SOD, GSH-Px and CAT. Some authors suggest that the increase in cytokine production that occurs in the early inflammatory process is associated with impaired SOD, GSH-Px and CAT activities, which increase oxidative stress and local cell damage induced by increased cell apoptosis. 30 According to McIntyre et al. 31 , the extent of inflammatory events and consequent injuries is related directly to the intensity of the initial stimulus and the immune mechanisms which are activated during the process. The tissue aggression caused by the introduction of the biopsy needle triggered and exacerbated the inflammatory response and the release of chemical mediators, culminating in oxidative damage, reflected in the decreased SOD and GSH-Px levels observed 30 min after biopsy.
According to some authors, 32, 33 the interpretation of the results of oxidative stress studies should consider other factors such as the type of marker used, the method employed, the type of tissue investigated and, above all, the time elapsed after biopsy at which the marker was assessed. In humans submitted to intense exercise, Panza 34 observed no change in TBARS blood levels up to 15 min after exercise, whereas Goldfarb et al. 35 found increased plasma MDA only 48 h after intense training. Therefore, the fact that no signs of lipid peroxidation were observed until 30 min after lung biopsy in this study does not rule out the possibility that it might have occurred at another time during recovery. The same can be inferred about antioxidant agents. Transient and biphasic changes in enzymatic activity may occur, 36, 37 as evidenced by an initial decrease in the consumption of viable antioxidant enzymes followed by an increase induced by the mobilisation of stocks in other organs to compensate for the constant exposure to increased oxidative stress.
Conclusion
Based on these grounds, it is possible that a serial, long-term evaluation of SOD and GSH-Px activities and GSH-t and TBARS concentrations could reveal changes compatible with more intense oxidative stress and lipid peroxidation still unseen by the end of the period studied here. The results obtained in the present study suggest that percutaneous transthoracic lung biopsy is a safe procedure that causes no significant changes in oxidative metabolism up to 30 min after testing and thus may be used widely in routine veterinary practice.
